Objective: Hyperhydration and exercise-associated hyponatremia (EAH) are critical issues during endurance events. We studied a cohort of marathon runners to examine EAH's prevalence in a marathon with a short time limit and to investigate underlying mechanisms that may be responsible for its development.
INTRODUCTION
In the past years several studies have investigated the prevalence and possible etiology of exercise-associated hyponatremia (EAH) in marathon running or ultra-endurance events. [1] [2] [3] [4] [5] Although different factors influence the risk of hyponatremia, the most important ones seem to be overdrinking and body mass gain as a consequence of fluid overconsumption. 5, 6 Most studies investigating the prevalence and etiology of EAH measured only the postrace sodium levels in the blood, 1, 3, 5 and the races investigated were long. The Zurich Marathon can be considered a relatively fast race because it has virtually no altitude difference to overcome and its time limit is set at 5 hours. Therefore, we conducted a study at the 2006 Zurich Marathon to investigate the prevalence of EAH in an event with a rather short time limit and to extend available data about EAH's etiology by measuring not only postrace, but also prerace, sodium levels. The hypothesis was that the prevalence of hyponatremia was lower than observed in studies on longer events because of the shorter time available to overdrink.
EXPERIMENTAL METHODS

Setting
The study was conducted at the 2006 Zurich Marathon (5054 finishers) that began at 8:30 AM on April 9, 2006 . The temperature during the marathon was approximately 10°C with constant light rain and low wind speed during the entire race. Eleven drinking stations were positioned along the marathon route every 3.5 km starting from kilometer 5. All stations provided mineral water; at select stations, bananas, sport bars (PowerBar, Nestlé Suisse S.A., Vevey, Switzerland), or a sports drink (PowerBar, Nestlé Suisse S.A., Vevey, Switzerland) also were available. The study design was approved by the ethics committee of the ETH Zurich, and all participants of the study gave written, informed consent.
Subjects
Subjects were recruited by an announcement on the official marathon Web site and at the runners' exposition 1 or 2 days before the race. All runners who registered for the race and were 18 years of age or older, with an expected finishing time within the official time limit of 5 hours, were eligible. Information including age, sex, body mass, height, marathon experience, and expected finishing time was collected during the registration process for the study. To ensure that blood would be drawn within approximately 5 minutes after a subject crossed the finish line, and to avoid congestion at the blood sampling stations, we restricted the number of subjects within defined finishing time slots (eg, 30 runners only having an expected race time between 2:45 and 2:55 hours). As soon as a certain time slot was filled, no more registrations within this slot were accepted. The closed time slots were announced on the online registration form or at the exposition, respectively. Our laboratory was set up in a wooden cabin approximately 20 meters from the finishing line.
The prerace assessment was completed by 177 subjects. Eight subjects did not finish the marathon and did not return for assessment. For 2 additional subjects, it was not possible to draw enough blood after the marathon. The results of the remaining 167 subjects, 39 women and 128 men, were used for the statistical evaluation (Table 1 ). Additionally, we obtained blood samples from the 2 runners who collapsed after the marathon and were cared for in the medical tent. The data for these 2 runners were not included in the overall statistical analysis because no initial prerace sample was collected, but the sodium and osmolality values for these subjects are reported separately in the Results section.
Study Protocol
The prerace examination was performed in the field laboratory within a time slot of 90 minutes prior to the start of the marathon. Three calibrated precision scales (Mettler-Toledo, Greifensee, Switzerland) were used to measure body mass, which was assessed in running clothes but without shoes. Heparin and EDTA (ethylene diamine tetraacetic acid)-treated blood was collected from an antecubital vein in a supine position (S-Monovette, Sarstedt, Nümbrecht, Germany). The different blood samples were taken in a standardized order. After crossing the finishing line of the marathon, the subjects were immediately guided to our field laboratory by assistants to ensure the fastest possible postrace examination. Blood was drawn in the same manner as before the start of the race and maximally within 5 minutes after a subject finished the marathon. Body mass was measured after the blood was collected in the same manner as before the start of the marathon. To obtain information concerning fluid intake during the race, a recall questionnaire was completed by the subjects with support of assistants. The questionnaire was presented to the subjects during the registration for the study, such that they were familiar with the questions.
Analysis of Blood Parameters
Blood samples were immediately cooled on wet ice and centrifuged at 4°C for 12 minutes at 1800 g (Omnifuge 2.0 RS, Heraeus Sepatech, Osterode, Germany). Centrifugation was initiated within 20 minutes after blood was drawn. Plasma was dispersed into polypropylene tubes and immediately frozen at 220°C, and transferred to 280°C within 24 hours. Osmolality (Osmomat auto, Gonotec, Berlin, Germany) and sodium (P-Modular Analytics, Roche Diagnostics, Rotkreuz, Switzerland) were analyzed at the University Hospital Zurich.
Definitions
EAH is the occurrence of hyponatremia during or after prolonged physical activity and is defined by a serum or plasma sodium concentration ([Na + ]) below the normal reference range of the laboratory performing the test. For most laboratories, this is an [Na + ] less than 135 mmol/L. 7 Signs and symptoms of EAH can develop when the serum [Na + ] falls below 135 mmol/L, but in general, [Na + ] between 130 and 134 mmol/L is relatively asymptomatic. 7
Calculations and Statistics
Linear correlation plots were prepared with SigmaPlot (version 8.0 for Windows, SPSS Inc., Chicago, Illinois), and statistical analyses were performed with the Statistical Analysis System, SAS (version 8.2 for Windows, SAS institute Inc., Cary, North Carolina).
RESULTS
Five subjects, 4 female and 1 male, representing 3% of all study participants, developed asymptomatic EAH during the marathon. No case of symptomatic EAH was observed. The highest sodium level reported was 146 mmol/L and was measured for 2 subjects. The remaining subjects were normonatremic. The body mass change between prerace and postrace measurement (dBM) correlated (r = 20.72, P , 0.0001) with the postrace sodium level ( Fig. 1A) and with the relative change of the plasma sodium level (dNa) between the start and finish of the race (r = 20.66, P , 0.0001; Fig. 1B ). Postrace sodium correlated with dNa (r = 0.74, P , 0.0001, Figure 2 ). The fluid intake of the subjects correlated significantly (r = 20.43, P , 0.0001) with dNa ( Fig. 3) , and postrace sodium levels were correlated with measurement of postrace osmolality (r = 0.68, P , 0.0001, Fig. 4 ).
The plasma sodium and osmolality of 2 collapsed runners are presented in Figure 3 . None of the subjects were in the hyponatremic range prior to the race. Further details about postrace sodium; fluid intake; and changes of plasma sodium, plasma osmolality, body mass, and plasma volume are given in Table 2 .
DISCUSSION
This study's primary goals were to examine EAH's prevalence in a marathon with a short time limit and to investigate underlying mechanisms that may be responsible for its development.
In our cohort of 167 marathon runners in the 2006 Zurich Marathon we found a 3% (5 cases) prevalence of asymptomatic EAH. In a large-scale compilation from different ultra-endurance events that examined 2135 athletes, Noakes et al 5 reported an EAH prevalence of 6%, and Almond ) and rain, combined with lower sweat rates, during the marathon in Zurich, the feeling of thirst among the runners may have been repressed rather than stimulated, thus reducing, rather than increasing, the risk of overconsumption of liquids. Third, the cool conditions may not have stimulated vasopressin release to preserve body water during exercises as might be expected in warmer conditions; on the other hand, sweat rates were probably lower than they had been with warmer conditions. We found 5 asymptomatic EAH cases in this cohort, indicating that the risk of EAH appears to be lower with the respective weather conditions and in runners limited to completing the race in ,5 hours compared with other marathons or events of longer duration. Investigations of EAH usually relied on postrace sodium measurements only. 1, 3, 5 However, to strengthen the notion that it is a body mass increase that results in dilution of the blood sodium level (ie, a reduction of the prerace sodium level), a prerace sodium level combined with a postrace level provides better insight than a postrace level only. 8, 9 Therefore, we analyzed both the prerace and postrace sodium levels in our study. Nevertheless, the correlation between body mass change and sodium level change was roughly the same as between body mass change and postrace sodium only ( Figs. 1A and 1B) . Therefore, our results indicate that the postrace sodium level alone might be a suitable approximation to the sodium level change during the race in runners who are not clinically dehydrated. This is supported by the direct correlation of postrace sodium and sodium level change during the race (Fig. 2) . Additionally, our results indirectly validate the results from previous studies in which only postrace sodium values were assessed. Hyponatremia can theoretically develop by 2 primary mechanisms: a loss of sodium from the circulatory system via sweating or a dilution of the blood. Current data suggest that the primary mechanism for the vast majority of cases is not sodium loss, but rather blood dilution from inhibited renal water clearance or exaggerated fluid intake, or both. 6, 7, 10 The correlation coefficients of 0.72 and 0.66 in Figure 1 and of 0.43 in Figure 3 indicate that body mass change or fluid intake, respectively, are unlikely to be the only predictor of postrace sodium or sodium change during the race and that other factors such as inhibited renal water clearance (eg, caused by inappropriate arginine vasopressin secretion 7 ) also play a role. Although its significance needs further investigation, 7 a third possible cause for EAH was postulated 5 : the failure to mobilize sodium from osmotically inactive sodium stores or alternatively inappropriate osmotic inactivation of sodium.
However, excessive fluid intake is the only factor that can actively be influenced by the athlete, and the more pronounced the overdrinking is, the greater the risk that water balance regulation may fail and that symptomatic EAH can occur. 2, 5, 6 The latest American College of Sports Medicine Position Stand on Exercise and Fluid Replacement discusses the problem of overdrinking and hyponatremia and emphasizes individualized fluid replacement during endurance events to reduce the risk of EAH. 11 To estimate fluid balance, the body mass change is usually evaluated because direct measurement of fluid intake is difficult within the setting of large-scale field studies during a competitive However, in this study, we attempted to estimate the fluid intake of each runner using a questionnaire administered following the marathon. With support from our assistants, all subjects were asked to recall their fluid intake (the runners were familiarized with the questionnaire before the race). Hew et al 12 have previously shown a significant inverse relationship between fluid intake and postrace sodium. We support this finding with a significant inverse relationship between fluid intake and plasma sodium change during the marathon (Fig. 3 ).
An aspect associated with the examination of hyponatremia and its consequences is that plasma osmolality is usually not considered in the discussion. The clinical symptoms are usually related to hyponatremia, although a close relationship between natremia and osmolality might be expected because sodium contributes approximately half of the osmolality of the blood. 13 We also observed a high correlation between the postrace sodium and osmolality level ( Fig. 4) . Such a correlation was also reported by Kratz et al. 13 
CONCLUSION
In this study, we observed an incidence of (asymptomatic) EAH of about 3% of our study group with a range of finish times from 2 hours 38 minutes to 5 hours, executed during cool and rainy weather conditions. Therefore, the risk of EAH appears to be less in participants running the marathon in less than 5 hours in cooler climates. Nevertheless, EAH was not absent and should still be considered as a cause of collapse in collapsed runners. A second conclusion is that plasma sodium change during the race and postrace sodium levels correlate well with measured body mass change. Further, we demonstrated a direct correlation between fluid intake determined by postrace recall and plasma sodium changes.
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